The assumption of constant yield stress in the conventional restart pressure equation neglects the effects of thermal shrinkage and gas voids formation, which in turn resulted in an over-designed production piping systems. This paper presents a study on the effects of flow rates on the formation of voids in gelled waxy crude oil. A flow loop rig simulating offshore waxy crude oil transportation was used to produce a gel. A Magnetic Resonance Imaging (MRI) was used to scan the gelled crude oil over the three planes. Waxy crude oil underwent both dynamic and static cooling to observe the effects of volume flow rates on the voids formed in wax-oil gel. Volume flow rate was found to have different influences on the intra-gel voids in the pipeline. A volume flow rate of 5 L/min resulted in a maximum total voids volume of 6.98% while 20 L/min produced a minimum total voids volume of 5.67% in the entire pipe. Slow flow rates resulted in a larger voids volume near the pipe wall. In contrast, faster flow rates produced insignificantly higher voids volume around pipe core. Generally, slower flow rates favoured the formation of higher total voids volume following sufficient steady time of wax crystal formation, producing larger voids areas in gelled waxy crude oil.
INTRODUCTION
When a waxy crude oil flows through a sub-sea pipeline resting on the cold ocean floor, the temperature of the waxy crude oil drops below the wax appearance temperature (WAT) due to cold surrounding temperature [1] [2] [3] . Waxy crude oil behaves as a Newtonian fluid above the wax appearance temperature, over which a viscosity is not a function of temperature [4] [5] [6] . As the temperature further drops, the wax within the waxy crude oil starts precipitating, forming gelled crude oil below the pour point temperature. Lionetto et al. [7] reported that small wax contents would lead to the gelation of waxy crude oil, which results in phase transition and gel formation in pipelines. Waxy crude oil was reported to undergo thermal shrinkage, in which gas voids appeared and the fluid became multiphase and unusually compressible [8, 9] . A reduced volume of waxy-oil gel during cooling was also recently observed to result in local voids in the gel. As a result, the non-uniform gel formation in pipelines could significantly reduce the pressure required to break the gel [7] . Cazaux et al. [10] investigated a gel structure using an X-ray diffraction (XRD) technique. They reported that crystal shape and the number density of wax crystal were found to define the structure of wax-oil gel, where both would depend on different cooling parameters. The size and shape of wax crystals in waxy crude oil also depend on the shear rate [11] .
Henault et al. [12] studied the thermal shrinkage of waxy crude oil using X-ray scanning on different cross sections of a pipe. They stated that thermal shrinkage would greatly impact the mechanical properties of gelled crude oil. A reduced volume of waxyoil gel while cooling was also observed, which resulted in the formation of voids within the gel. Numerous researches highlighted that experimental investigation on the effects of flow properties of waxy crude oil on the formation of gas voids is required to understand the nature of gel strength. However, there have been no results reported showing the effects of volume flow rate on the formation of intra-gel voids during dynamic and static cooling. The objective of this work was, therefore, to observe the effects of volume flow rate on the formation of voids in waxy crude oil subjected to both dynamic and static cooling. It also aimed to determine the preferred optimum flow rate when normal shutdown is to take place. Figure 1 shows the schematic of a flow loop rig simulating offshore waxy crude oil transportation. A crude oil tank was equipped with a 12 kW capacity heater and a stirrer motor. The heater used had a capacity of heating the waxy crude oil up to 100 o C, which was well above the wax appearance temperature (WAT) of the sample used. The heating process, besides changing the phase and properties of the fluid, standardizes the flow by removing all the shear and thermal histories encountered during cooling. A gear pump (MAA 90L6-B3) with a maximum discharge pressure of 2.0 bar was mounted in the system to initiate the flow of waxy crude oil inside the rig. A pressure transmitter (WIKA A-10) that reads pressure ranges between 0-2.5 bar was also installed at the inlet of the test section pipe to address the pressure developed in the gear pump. A Coriolis flow meter was used to measure the volume flow rate of waxy crude oil including its corresponding density in a test section pipe. The test section pipe was a detachable circular acrylic pipe of 30 mm in diameter and 1200 mm in length. Figure 2 shows the MRI used to scan gelled waxy crude oil in the detachable test section pipe. The MRI mainly generates images of the gelled crude oil in three views: axial, sagittal and coronal. A liquid waxy crude oil was made to flow at different volume flow rates into the test section pipe under cooling mode. The temperature of the waxy crude oil then dropped to wax appearance temperature under dynamic cooling, after which static cooling took place until its end temperature. Waxy crude oil gel at the same end temperatures were then scanned in the MRI. The initial and end temperatures of the waxy crude oil were kept constant to observe the effects of volume flow rates. The volume flow rates were 5, 7.5, 10, 15 and 20 L/min. Volume flow rates lower than 10 L/min were considered as slower flow rates while faster flow rates represented the volume flow rates above 10 L/min. The voids formed as a result of these volume flow rates were compared. Table 1 shows the details of the experiments conducted. Figure 3 shows profiles of volume flow rates of waxy crude oil while cooling. 
EXPERIMENTAL SETUP AND TECHNIQUES

RESULTS AND DISCUSSION
Effects of Volume Flow Rate on Voids near Pipe Wall and Core
The effects of volume flow rate on voids near the pipe wall were investigated. Figure 4(a) shows the resulting gas voids areas distribution near the pipe wall. Volume flow rates were observed to have different effects on the voids formed in the gelled crude oil. Faster flow rates generally produced lower void areas near the pipe wall, which was apparently evidenced at the region around the inlet of the pipe. A volume flow rate of 15 L/min resulted in minimum voids cross sectional areas compared to other flow rates. In another view, a volume flow rate of 5 L/min produced higher voids cross sectional areas over the region from the middle to the outlet of the scanned pipe, followed by 7.5 L/min and 10 L/min. A minimum voids volume of 4.88% was estimated at 15 L/min while a maximum voids volume of 6.43% was formed at 5 L/min volume flow rate, inversely relating voids volume with volume flow rate at this region. Moreover, it was generally observed that the slower flow rates that flow slowly and steadily allow for the higher wax crystal formation and hence resulted in larger voids areas distribution along and across the pipeline. The variation between voids areas was also found insignificant at the outlet section while it was apparent at the inlet side of the scanned pipe. Effects of flow rates on the formation of voids around the pipe core were also investigated. Figure 4(b) shows the distribution of voids areas around the pipe core. A volume flow rate of 15 L/min produced the largest voids areas over the pipe region ranging from the inlet to the middle of the pipe, with a maximum voids area of 10 mm 2 observed at -45.4 mm of the pipe. Contrary to the voids formed near the pipe wall, lower volume flow rates were also observed forming higher voids areas around the pipe core. However, volume flow rate of 5 L/min resulted in the smallest total voids areas around the midpoint of the pipe, with nil voids size at 0 mm of the pipe. In addition, the boundary volume flow rate of 10 L/min also resulted in a minimum voids areas around the outlet region of the pipe, which makes the trends of voids formation around core indefinite and further insignificant as compared to that near the pipe wall. Moreover, the voids size difference between faster and slower flow rates could also be influenced by the nature of voids as the voids mainly started forming in the non-Newtonian region as reported in [13] .
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Volume Flow Rates and Total Voids in the Pipe
The effects of volume flow rate on total voids in the entire pipe were analysed by calculating total voids areas at different cross sections of the scanned pipe. Figure 5 shows total voids area for the different volume flow rates. Faster volume flow rates resulted in lower voids cross sectional areas. The voids areas distribution was not uniform that a volume flow rate of 20 L/min produced the minimum voids areas in the scanned pipe region from -45.5 mm to 49 mm. The minimum volume flow rate of 5 L/min was observed forming the largest voids areas throughout the scanned pipe, mainly at the two ends of the pipe. Volume flow rate of less than 10 L/min produced higher voids areas over many cross sections than that for faster flow rates, indicating that the steady flow helped form a higher wax crystal formation and hence larger voids areas along and across the pipeline. In addition, the higher voids volume resulted during slow rates would reduce the pressure required to restart the clogged gel in pipelines.
Comparisons of Voids Volume between Wall and Core
Percentages of voids volume near the pipe wall, around pipe core, and in the entire pipe following dynamic and static cooling are compared. Figure 6 shows volume flow rates versus voids volume in percent at different regions in the pipe. Slower flow rates produced higher voids volume near the pipe wall. A similar result was also observed for the total voids volume that was found significant at slower flow rates. A maximum voids volume of 6.98% and 6.43% were measured in the entire pipe and near the pipe wall, respectively, at the minimum volume flow rate of 5 L/min. Faster flow rates generally formed smaller voids volume, which in another way predicts a higher voids volume when the waxy crude oil flows at slower volume flow rates. The slower flow rates would give enough steady time that would in turn give sufficient time for the voids formation, resulting in larger voids in the gel. For the voids around the pipe core, no definite trend was observed with a minimum amount of voids volume measured at 10 L/min and a maximum of 0.87% void volume produced at 15 L/min, which is in contrast to the trend of voids formation near the pipe wall. 
CONCLUSIONS
Waxy crude oil flowing at different flow rates had undergone dynamic cooling to its wax appearance temperature and further to its end temperature under static cooling. The effects of volume flow rate of waxy crude oil on the formation of intra-gel voids were studied using the MRI system and the flow loop rig developed. The gelled crude oil at the same end temperature was scanned to investigate the flow rates effects on the voids formed. The results from the quantitative study showed that volume flow rate had different effects on the formation of intra-gel voids along and across the pipeline. Volume flow rate of 5 L/min produced a maximum total voids volume of 6.98% while 20 L/min, which was the maximum volume flow rate tested, resulted in a minimum total voids volume of 5.67% in the entire pipe, inversely correlating voids volume with the volume flow rate. Slower flow rates were generally found producing higher voids volume near the pipe wall and in the entire pipe, which would make the restart pressure to be lower than those of faster rates.
